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✴We have seen large “flavor violations” in neutrino sector

Seesaw case 

νL νLνR

〈h〉 〈h〉

neutrino Yukawa interaction can have large
 lepton flavor violation (LFV) for large neutrino mixings

Since there is no symmetry to forbid the LFV, 
there may be many LFV interactions.

mν ! (yν〈h〉)2

MνR

LFV in charged lepton sector?

e.g. νµ → ντ , νe → νµ

µ→ eγ, µ− e conversion etc.

Lepton “flavor” number violation (LFV)!
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Experimental limits on lepton flavor violation

In SM with massive neutrinos

µ e

γ

ν

W

BR(µ→ eγ) =
3α

32π

∑

i

∣∣∣∣V
∗
µiVei

m2
νi

M2
W
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2

< 10−54

extremely small!

process current limit future
µ→ eγ 1.2× 10−11 10−13 − 10−14

τ → µγ 4.5× 10−8 10−8 − 10−9

µ+ → e+e−e+ 1× 10−12 −
µ→ e (Ti) 6.1× 10−13 10−16 − 10−18
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Effective Lagrangian for µ→ eγ

BR(µ→ eγ) = y2 3(4π)3α
G2

F Λ4

•If          , y ! 1

BR(µ→ eγ) = 1× 10−11 ×
(

400TeV
Λ

)4 (y

1

)2

•If                    , 

BR(µ→ eγ) = 1× 10−11 ×
(

2TeV
Λ

)4 (
θµe

10−2

)2
y =

g2

16π2
θµe

LLFV = y
emµ

Λ2
µ̄RσµνeLFµν + h.c. + · · ·

example: SUSY

Λ : new physics scale

(the operator is induced at tree level)

(the operator is induced at one loop level)

It’s sensitive to the flavor violating TeV scale physics!

flavor violation + TeV scale physics
neutrino LHC
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✴ anomaly in      
muon g-2 (?)

Essentials of the Muon g − 2 31
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CERN (79)
TheoryKNO (85)

E821 (00) µ
+

E821 (01) µ
+

E821 (02) µ
+

E821 (04) µ
−

Average 208.0± 6.3
E969 goal

EJ 95 (e+
e
−) 181.3± 16. [1.6 σ]

DEHZ03


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
(e+

e
−)

(+τ)
180.9± 8.0 [2.7 σ]
195.6± 6.8 [1.3 σ]

GJ03 (e+
e
−) 179.4± 9.3 [2.5 σ]

SN03 (e+
e
− TH) 169.2± 6.4 [4.3 σ]

HMNT03 (e+
e
− incl.) 183.5± 6.7 [2.7 σ]
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

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(e+

e
−)

(+τ)
180.6± 5.9 [3.2 σ]
188.9± 5.9 [2.2 σ]

DEHZ06 (e+
e
−) 180.5± 5.6 [3.3 σ]

HMNT06 (e+
e
−) 180.4± 5.1 [3.4 σ]

177.6± 6.4 [3.3 σ]
FJ06 (e+

e
−)






LbLBPP,HK,KN

LbLFJ

LbLMV

179.3± 6.8 [3.2 σ]
182.9± 6.1 [2.9 σ]

aµ×1010-11659000

Fig. 14. Comparison between theory and experiment. Results differ by different
L.O. hadronic vacuum polarizations and variants of the LbL contribution. Some
estimates include isospin rotated τ–data (+τ )). The last entry FJ06 also illustrates
the effect of using different LbL estimations: 1) Bijnens, Pallante, Prades (BPP) [97],
Hayakawa, Kinoshita (HK) [98] and Knecht, Nyffeler (KN) [101]; 2) my estimation
based on the other evaluations; 3) the Melnikov, Vainshtein (MV) [105] estimate of
the LbL contribution. EJ95 vs. FJ06 illustrates the improvement of the e+e−-data
between 1995 and now (see also Tab. 2). E969 is a possible follow-up experiment of
E821 proposed recently [115]

As we notice, the enhanced sensitivity to “heavy” physics is somehow good
news and bad news at the same time: the sensitivity to “New Physics” we are
always hunting for at the end is enhanced due to

aNP
! ∼

(
m!

MNP

)2

by the mentioned mass ratio square, but at the same time also scale dependent
SM effects are dramatically enhanced, and the hadronic ones are not easy to
estimate with the desired precision.

“06” results include the recent          data from 
SND, CMD-2, and Babar (and KLOE)

π+π−

The discrepancy between the experimental result 
and the SM prediction is       level3σ

F. Jegerlehner
hep-ph/0703125
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δaµ(≡ aexp
µ − aSM

µ ) = (27.6± 8.1)× 10−10 (HMNT06)
Note: aµ(EW) ∼ O(10−9)

new physics with a scale of  O(100 GeV - 1 TeV) 
may be responsible for this discrepancy

µ e

γ

µ→ eγ

µ µ

γ

muon g-2

flavor violation + anomaly of muon g-2
neutrino

µ→ eγ LFV in charged lepton sector

(3.4σ discrepancy)

flavor violationµ→ e

Hagiwara et al: hep-ph/0611102
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muon g-2        vs. µ→ eγ

emµ
yLFV

Λ2
µ̄RσµνeLFµν

If yLFV = yθµe

BR(µ→ eγ) =
3(4π)3α
G2

F Λ4
y2
LFV

If the muon g-2 anomaly is true, the current and future experiments 
on lepton flavor violation can probe the small flavor violation!

e
mµ

2
y

Λ2
µ̄σµνµFµν

δaµ = y
2m2

µ

Λ2

BR(µ→ eγ) =
3(4π)3α
4G2

F m4
µ

(δaµ)2 θ2
µe

" 0.6× 10−11

(
δaµ

10−9

)2 (
θµe

10−4

)2
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★ LFV in SUSY models

µ µ
W̃δaSUSY

µ
ν̃

H̃

νR

W̃

ν̃µ

µ

γ

ν̃e

e

µ→ eγ

The LFV slepton masses can be induced by 
high energy flavor violating interactions

ν̃µ ν̃e

For example,

γ

heavy right-handed neutrinos

Hall, Kostelecky, Raby, 1985
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e.g. Right-handed neutrino Yukawa interaction

µ̃ ẽ

H̃

νR (m2
L̃
)µe

m2
0

∼ (y†νyν)21 ∼ y2
ντ

V23V13 for yντ " yνe , yνµ

and if SO(10)-like Yukawa unification is realized.....
yντ (MGUT) = ytop(MGUT)

Hisano and Tobe
tanβ = 10
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Figure 3: Br(µ → eγ) as a function of V13V23 and the left-handed smuon mass or δaSUSY
µ

assuming tan β = 10. We impose the no-scale condition (m0 = 0) at the GUT scale.
Unification between the top-quark and tau-neutrino Yukawa couplings is assumed as in
Fig. 1. In typical models, V13

>∼ 10−2, as listed in Table 1.

16

BR(µ→ eγ)

many fermion mass 
models

V CKM
td

(
V CKM

ts

1/
√

2

)

m0 = 0 at GUT scale
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µ e

γ

µ e

γ

µ→ eγ µ→ e conversion

Note: If the photon penguin diagram is dominant 
in                             ,µ→ e conversion

BR(µ→ eγ) ∼ 10−11 −→ R(µ−Ti → e−Ti) ∼ 5× 10−14

BR(µ→ eγ) ∼ 10−13 −→ R(µ−Ti → e−Ti) ∼ 5× 10−16

R(µ−Ti → e−Ti)/BR(µ→ eγ) " 5× 10−3

(In SUSY, the photon penguin has the           enhancement.)tanβ

BR(µ→ eγ) ∼ 10−16 −→ R(µ−Ti→ e−Ti) ∼ 10−18
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B-factory

Tobe@WIN03

τ → µγ is also interesting!
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★ LFV in other models
Littlest Higgs model with T-parity (LHT model)

solve the naturalness problem

• Higgs boson is a pseudo Nambu-Goldstone boson 
which is light because of approximate global symmetries.
• quadratic divergence in Higgs mass parameter is cancelled 

by new particle contribution at one-loop level

Branke et al, hep-ph/0702136

1. ! 10"151. ! 10"141. ! 10"131. ! 10"121. ! 10"11
Br!Μ$eΓ"

1. ! 10"15

1. ! 10"13

1. ! 10"11

R!ΜTi$eTi"

Figure 10: µ − e conversion rate in 48
22Ti as a function of Br(µ → eγ), after imposing

the existing constraints on µ → eγ and µ− → e−e+e−. The shaded area represents the

current experimental upper bound on R(µTi → eTi).
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Figure 11: Mirror lepton mass splitting ∆m12 = |m!
H2−m!

H1| as a function of m!
H1, after

imposing the existing constraints on µ → eγ and µ− → e−e+e−. The dark points violate

the constraint on µ− e conversion in Ti, while the light points fulfil also this constraint.

33

Choudhury et al, hep-ph/0612327
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MSSM MSSM (Higgs mediated) LHT
R(µTi→eTi)
BR(µ→eγ) ∼ 5× 10−3 ∼ 0.1− 0.2 ∼ 10−2 − 102

BR(µ→eee)
BR(µ→eγ) ∼ 6× 10−3 ∼ 6× 10−3 ∼ 0.4− 2.5

Comparison of various ratios of event rates

(Higgs mediated contribution is important when           is large, 
Higgs bosons are light and SUSY scale is large.)

tanβ

These kind of ratios will be important 
to distinguish the different models

• SUSY seesaw model (Borzumati, Masiero 1986; Hisano et al 1995...)

• SUSY GUT (Barbieri, Hall 1994,....)

• R-parity violationg SUSY (A.de Gauvea et al  2000,......)
• neutrinos in extra dimensions (Ioannisian, Pilaftsis 1999; Kitano 2000,......)
• many other models...........
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Summary

✴ The search for the LFV is complementary to the direct 
search for TeV scale new physics at LHC/Tevatron/ILC.

✴ The current and future LFV search can be sensitive to 
the flavor violating TeV scale physics.

✴ The search for the LFV can be important to probe the 
high-energy LFV interactions (e.g. origin of neutrino 

mixing, GUT interactions etc.),                                
which can not be reached by the collider experiments.
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Backup slides
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Models V23 V13

Albright et al. [25] 0.9 0.06
Altarelli et al. [25] 0.5 0.09
Bando et al. [25] ∼ 0.7 ∼ 0.1

Hagiwara et al. [25] 0.7 0.06
Nomura et al. [25] 0.7 ∼ 0.1

Sato et al. and Buchmüller et al. [23, 24] 0.7 ∼ 0.05

Table 1: Typical predicted values for V23 and V13 in various models [23, 24, 25].

the existence of the large neutrino Yukawa coupling can induce significant LFV masses

through the renormalization effect, as pointed out in Refs. [4, 5]. In the following, the scale

for the generation of the SUSY-breaking terms is assumed to be the GUT scale or the re-

duced Planck scale, as in the minimal supergravity scenario. Since the left-handed leptons

couple to the right-handed neutrinos, LFV is induced in left-handed slepton masses.

The renormalization-group equation (RGE) for the left-handed slepton masses is given

by

µ
d

dµ
(m2

L̃)ij =

(

µ
d

dµ
(m2

L̃)ij

)

SUSY-SM

+
1

16π2

{

m2
L̃f †

νfν + f †
νfνm

2
L̃ + 2

(

f †
νm2

ν̃fν + m2
Hu

f †
νfν + A†

νAν

)}

ij
, (12)

where mL̃, mν̃ , mHu , and Aν denote the SUSY-breaking masses for the doublet slepton (L̃),

the right-handed sneutrino (ν̃), the Higgs (Hu), and the trilinear A-term for sneutrinos,

respectively. Here, (µ d
dµ(m2

L̃
)ij)SUSY-SM represents the RGE in the SUSY SM:

(

µ
d

dµ
(m2

L̃)ij

)

SUSY-SM

=
1

16π2

{

−
(

6

5
g2
1M

2
1 + 6g2

2M
2
2

)

δij

+(m2
L̃f †

efe + f †
efem

2
L̃)ij

+2(f †
em

2
ẽfe + m2

Hd
f †

efe + A†
eAe)ij

}

, (13)

where M1, M2, mẽ, mHd
and Ae denote the bino mass, wino mass, SUSY-breaking masses

for the charged slepton (ẽ), the Higgs (Hd), and the trilinear A-term for charged sleptons,

respectively.

If we assume the universal scalar mass (m0) for all scalar bosons and the universal

A-term (Af = a0m0ff) at the unification scale (MG = 2 × 1016 GeV), the only source

6
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✴Constraint on SUSY breaking messenger scale from LFV

scale
xx

MνRMmess.

MSSM + νRMSSM

scale
x x

MνR Mmess.

MSSM + νRMSSM

No LFV

LFV

low energy gauge mediation

Mmess. : scale where SUSY breaking terms are generated

gravity mediation

high energy gauge mediation
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Figure 1: The µ− e conversion rates R(µ → e in Ti) as a function of the messenger scale M
and the degenerate right-handed neutrino scale MR. Here we take UMNS

e3 = 0 and tan β = 30.
We assume mGMSB with nm = 1. The low-energy wino mass (M2) is set to be 200 GeV,
which fixes the entire superpartner mass spectrum. Current limits on R(µ → e in Ti) and
B(µ → eγ), and a future sensitivity at MEG [B(µ → eγ) = 1.5 × 10−13] are also shown.
Future µ−e conversion experiments may reach a sensitivity close to R(µ−e) $ 10−18. Note,
there is no LFV above the diagonal line as MR is above the messenger scale.

the µ− e conversion process, and hence there is a relation between the predicted B(µ → eγ)

and R(µ → e in Ti):
R(µ → e in Ti)

B(µ → eγ)
$ 5 × 10−3. (26)

This relationship is what allows us to show in Fig. 1 simultaneously the current limits from

µ − e conversion process [R(µ → e in Ti) = 6.1 × 10−13] [25], µ → eγ process [B(µ →
eγ) = 1.2 × 10−11] [25], and a future sensitivity at MEG experiment [B(µ → eγ) = 1.5 ×
10−13] [25, 24]. We also note that the expected sensitivity at the future MECO experiment

for µ − e conversion will be R(µ → e) = 10−16 [25, 26], and further future experiment may

be able to reach a sensitivity R(µ → e) = 10−18 according to studies in Ref. [27]. Therefore,

at present, the current µ → eγ limit already constrains the region MR > 1014 GeV and

M > 1015 GeV in Fig. 1. The future MEG and MECO experiments will be sensitive to

8

Tobe, Wells, Yanagida

messenger scale

scaleνR

If we observe the LFV, low energy gauge mediation will be strongly disfavored

Combining LHC and LFV data, we may have some information 
on messenger scale and right-handed neutrino masses
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